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i i i  
I I IITRODUCT I ON 
Low cyc le  fa t igue and thermal f a t i gue  a re  recognized f a i l u r e  modes f o r  
s t ruc tu res  such as gas t u rb i ne  components which operate w i t h  combined tempera- 
t u r e  and s t r a i n  cyc l ing .  The in f luence o f  temperature on low cyc le  f a t i g u e  
l i f e  i s  we1 1 documented (1.2) but the mechanism by which temperature inf luences 
the f a t i g ~ e  process i s  not we l l  understood. Low cyc le  f a t i g u e  l i f e  i s  genera l l y  
acknowledged t o  be d i r e c t l y  r e l a ted  t o  mater ia l  d u c t i l i t y ;  however, d u c t i l i t y  
normally increases w i t h  temperature, whereas low cyc le  f a t i g u e  l i f e  normal ly 
decreases. Creep and environmental e f f e c t s  a l so  in f luence low cyc le  f a t i g u e  
behavior, but the r e l a t i v e  con t r i bu t i on  o f  these two f ac to r s  i s  not  we l l  def ined. 
The subject  o f  thermal fa t igue ,  which involves combined temperature and 
s t r a i n  cyc l ing ,  i s  less we l l  understood than isothermal elevated temperature 
fat igue. Most thermal fa t igue  s tud ies have involved thermal c y c l i n g  o f  specimens 
w i t h  complex geometries, where c y c l i c  s t r a i n  i s  generated by thermal expansion 
w i t h  geometric cons t ra in ts .  While usefu l  f o r  mate r ia ls  screening s tud ies,  t h i s  
type o f  t e s t  su f f e r s  from the disadvantage t h a t  s t r a i n  and temperature p r o f  i les  
a re  d ic ta ted  by specimen geometry, and cannot be independently con t ro l led .  
A l i m i t e d  number o f  thermal f a t i gue  s tud ies have recen t l y  been con- 
ducted w i  t h  i ndependently con t ro l  l ed  temperature and s t r a i n  cyc l  ing  (3-6). 
Results o f  these s tud ies have ind icated t ha t  f a t i gue  l i f e  w i t h  thermal c y c l i n g  
i s  genera l ly  less than isothermal f a t i gue  l i f e  a t  temperatures w i t h i n  the range 
o f  the thermal cycle.  As w i t h  isothermal low cyc le  fa t igue ,  no general ized 
mechanistic i n t e r p r e t a t i o n  has evolved t o  exp la in  thermal c y c l i n g  e f f e c t s .  I t  
i s  acknowledged t ha t  both creep and environmental e f f e c t s  a re  important. Creep 
i s  considered p a r t i c u l a r l y  important f o r  unbalanced cycles where e i t h e r  t e n s i i e  
o r  compressive creep s t r a i n  i s  reversed by nonthermally ac t i va ted  p l a s t i c  f low. 
Hanson has recen t l y  developed a s t r a i n  range p a r t i  t i6n ing  method f o r  ana lys is  'o f  
unreversed creep e f f e c t s  which has been used w i t h  good success t o  p r e d i c t  f a t i g u e  
l i f e  w i t h  complex strain-temperature cycles (7) .  
The present study was undertaken t o  prov ide add i t iona l  data f o r  eva l -  
ua t ion  o f  the s t r a i n  range p a r t i t i o n i n g  concept, and t o  prov ide f u r t h e r  i n s i g h t  
i n t o  the mechanism f o r  f a t i g u e  l i f e  va r i a t i ons  w i t h  combined strain-temperature 
cyc l ing.  Results o f  recent vacuum thermal f a t i g u e  t es t s  on two tantalum a l l o y s  
have ind icated t ha t  unreversed g r a i n  boundary s l i d i n g  may be more damaging than 
unreversed homogeneous therma 1 1 y ac t i va ted  f 1 ow (5) . The present study was an 
extension o f  the tantalum study t o  two h igh temperature i r o n  base a l l o y s  ( ~ r 2 8 6  
and 304 s ta in less  s tee l ) ,  w i t h  t e s t i n g  being conducted i n  vacuum t o  separate 
environmental e f f e c t s  from i n t r i n s i c  e f f e c t s  o f  temperature on mater ia l  behavior. 
The in f luence o f  thermal c y c l i n g  on f a t i gue  l i f e  was in te rp re ted  w i t h i n  the 
framework o f  the s t ra in- rang? p a r t i t i o n i n g  concept by c o r r e l a t i n g  mic ros t ruc tu ra l  
damage w i t h  var ious types o f  reversed i n e l a s t i c  s t r a i n  cycles i nvo l v i ng  reversed 
and unreversed t e n s i l e  and compressive creep deformation. 
I I EXPERIMENTAL DETAl LS 
To separate the  e f f ec t s  of temperature and environment on f a t i g u e  
behavior, a l  l t e s t s  were conducted i n  an ion-pumped u l t r a h i g h  vacuum 
chamber a t  pressures below 1 x 10'7 t o r r .  Elevated temperature isothermal 
f a t i gue  t e s t s  were conducted on 304 s ta i n l ess  s tee l  and A-286 a l  loy  a t  two 
frequencies (0.65 and 0.0065 HZ) t o  eva luate the r e l a t i v e  c o n t r i b u t i o n  o f  
creep e f f e c t s  t o  the f a t i g u e  process. Test temperatures f o r  the isothermal 
t e s t s  were 1200°F (922 '~ )  f o r  the 304 s ta i n l ess  s t ee l  and 1100°F (866°K) 
f o r  t he  A-286 a l l o y .  Tests w i t h  combined temperature and s t r a i n  cyc l  ing 
were o f  two types, as i l l u s t r a t e d  i n  F igure 1 .  The thermal cycled in-phase 
square wave (TC IPS) c y c l e  involved i sotherma l tens i l e  s t r a  i n  imposed a t  a 
h igh temperature reversed by isothermal compressive s t r a i n  imposed a t  a low 
temperature. The therma 1 cyc led ou t -o f  -phase square wave (TCOPS) cyc i e was 
s i m i l a r  except t h a t  the temperature and s t r a i n  phasing were reversed. The 
upper temperatures f o r  these t e s t s  were the same as the isothermal t e s t  
temperatures. The lower temperature was 6 0 0 " ~  (589°K) f o r  both a l loys . 
Tests were conducted over a range o f  s t r a i n  amp1 i tudes (as measured by the 
width  o f  the hys te res is  loop a t  zero load) versus cyc les  t o  f a i l u r e .  Fat igue 
f a i l u r e  was def ined i n  a l l  cases as complete separat ion o f  the specimen i n t o  
two pieces. Fractured specimens were sectioned l o n g i t u d i n a l l y  and examined 
meta i log raph ica l l y  t o  eva luate the character o f  the m i c ros t r uc tu ra l  damage 
associated w i t h  each o f  the  app l ied  cyc le  types. 
Test procedures were essen t ia l  l y i d e n t i c a l  t o  those repor ted f o r  
previous t es t s  i n  t h i s  laboratory  (5,8). B r i e f l y ,  the t e s t  apparatus was 
designed t o  perform completely reversed push-pul l  f a t i g u e  t e s t s  on hour- 
g lass specimens using independently programmable temperature and s t r a i n  
con t ro l .  Temperature was programmed using a thy ra t ron-con t ro l  l ed  50 KV AC 
transformer f o r  d i r e c t  res is tance  heat ing o f  the specimcq, wh i l e  diametral  
s t r a i n  was c o n t r o l l e d  d i r e c t l y  us ing an LVDT type extensometer coupled t o  
a programmable c losed loop e lec t rohydrau l  i c  servosystem. For t e s t s  w i t h  
combined temperature and s t r a i n  cyc l i ng ,  the  output  o f  the se rvoampl i f i e r  
was e l e c t r o n i c a l l y  compensated f o r  thermal expansion so t ha t  net mechanical 
s t r a i n  was c o n t r o l l e d  d i r e c t l y .  
Supplementary vacuum t e n s i l e ,  creep, and s t r a i n  p a r t i t i o n i n g  t e s t s  
were a l s o  conducted on t h i s  program t o  prov ide base l ine  cha rac te r i za t i on  
data. De ta i l s  o f  these t e s t s  a r e  presented i n  the Apendix. 
(a) TCl PS (b) TCOPS 
Figure 1. Schematic representation of the two types of thermal-mechanical 
cycles applied in this study. 
I I I RESULTS AND D l  SCUSS I ON 
Test Results 
Typ ica l  hys te res is  loops generated w i t h  each o f  the fou r  app l ied  cyc l e  
types a re  shown i n  Figures 2 and 3 .  The isothermdl loops were e s s e n t i a l l y  
symmetrical f o r  both ma te r i a l s ,  w i t h  the  load range developed a t  a constant 
diametral  s t r a i n  range being l a rge r  a t  the  higher t e s t  frequency. The i n -  
e l a s t i c  s t r a i n  range developed i n  the  A-286 a l l o y  was smal ler  than t h a t  
developed i n  the 304 s ta i n l ess  s t ee l  a t  an equiva lent  t o t a l  d iametral  s t r a i n  
range because o f  the la rger  loads, and consequent 1 y l a rge r  e l a s t i c  s t r a i ns ,  
developed i n  the higher s t reng th  ma te r i a l .  Assymetric hys te res is  loops were 
developed w i t h  both types o f  thermal f a t i g u e  cyc les.  Th is  assynetry was 
caused by the d i f f e rence  i n  f low s t ress  a t  the d i f f e r e n t  temperature l eve l s .  
In-phase cyc l  ing generated loops having a ne t  compressive s t ress ,  whi l e  ou t -  
o f - p h a s ~  c y c l i n g  caused a mean t e n s i l e  s t ress  t o  be developed. 
I n  previous thermal cyc led t e s t s  conducted i n  t h i s  laboratory  (5) 
the occurrence o f  mean t e n s i l e  and compressive 3tresses caused geometry 
changes t o  develop i n  the hourglass specimens dur ing  f a t i g u e  t es t i ng .  These 
geometry changes involved th icken ing  o f  the t e s t  specimen i n  l oca t i ons  above 
and below the minimum diameter w i t h  isothermal and in-phase c y c l i n g  and 
t h i nn ing  o f  the specimen i n  these same loca t ions  w i t h  out-of-phase c y c l i n g  
(F igure 4 ) .  S i m i  l a r  geometry changes were observed i n  the  304 s ta l n l ess  
s t ee l  bu t  no t  i n  the A-286 specimens tested i n  the cu r ren t  program (F igure 5 ) .  
While no d e f i n i t e  exp lanat ion i s  a v a i l a b l e  f o r  the  occurrence o f  geometric 
i n s t a b i l i t i e s  i n  the 304 s ta i n l ess  s t ee l  but  no t  i n  the A-286, i t  may be 
observed t h a t  the th ree  a1 loys which have shown pronounced geometry changes 
i n  these types o f  t e s t s  (two tantalum a1 loys and 304 s ta i n l ess  s t e e l )  a re  
b a s i c a l l y  h igh  d u c t i l i t y  mate r ia l s ,  whereas the  A-266 i s  a r e l a t i v e l y  low 
d u c t i l i t y  a l l o y .  I t  i s  no t  poss ib le  t o  determine from the a v a i l a b l e  r e s u l t s  
i f  t h i s  q u a l i t a t i v e  c o r r e l a t i o n  i s  represen ta t i ve  o f  a general trend, o r  i s  
merely co inc iden ta l .  Add i t i ona l  data on a wider range o f  ma te r i a l s  would be 
h i gh l y  des i rab le  t o  c l a r i f y  t h i s  p o i n t .  
The above noted geometry changes d i d  no t  in f luence the f a t i g u e  l i f e  
r e s u l t s  f o r  the isothermal and in-phase t es t s ,  s ince the change l e f t  the area 
o f  c o n t r o l l e d  maximum s t r a i n  unchanged. However, the out-of-phase geohetry 
change was thought t o  have a s i g n i f i c a n t  i n f l ~ e n c e  on f a t i g u e  l i f e  s ince t h i s  
type o f  change caused f a i l u r e  t o  occur a t  a l x a t i o n  separate from the  o r i g i n a l  
minimum diameter (F igure 5d).  Thus, the f a i l u r e  s i t e  represented an area where 
s t r a i n  was both unspec i f i ed  and uncon t ro l led .  Th is  q u a l i f i c a t i o n  app l ies  o n l y  
t o  the 304 s ta i n l ess  s t ee l  TCOPS r e s u l t s ,  s ince geometry changes were not  
observed i n the A-286 a 1 l o y  . 
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a) I S O T H E W L  AND IN-PHASE 
THERMAL C Y C L I N G  
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ZONE OF MAXIMUM 
I CROSTPUCTURAL 
DAMAGE 
Figure 4. Schematic illustration of specimen geometry changes produced by 
thermal-mechanical fatigue cycling. 
b) OUT-OF-PHASE 
THERMAL CYCLING 

Fatigue l i f e  r e s u l t s  f o r  both a l l o y s  a re  summarized i n  Tables 1 &nd 2. 
The 304 s ta in less  s tee l  a l l o y  d isp layed c y c l i c  s t r a i n  hardening, wh i l e  the 
A-286 a l l o y  exh ib i ted  c y c l i c  s t r a i n  sof ten ing.  For both a l l oys ,  the  m a j o r i t y  o i  
hardening o r  softening occurred dur ing the  f i r s t  few cyc les o f  t es t i ng .  The 
s t ress ranges noted i n  Tables 1 and 2 represent stab1 1 lzed loop s izes.  For 
the thermai cycled tes ts ,  where assymetr lca 1 loops were observed, both 
tens i l e  and compressive s t ress  values a re  tabulated. 
The l i f e  r e s u l t s  from Tables 1 and 2 a re  p l o t t e d  against longi tud 
i n e l a s t i c  s t r a i n  range i n  Figures 6 and 7 .  Also shown i n  these f i gu res  a 
i l f e  p red ic t ions  made by the method o f  un iversa l  slopes us ing the tension 
t e s t  r esu l t s  noted i n  Appendix A. These experimental resuts i nd i ca te  def i n i t e  
e f f e c t s  o f  both frequency and thermal c y c l i n g  on f a t i g u e  l i f e .  Decreasing 
frequency, which increased the potent la1 fo r  creep e f f ec t s ,  reduced f a t  igue 
l i f e  f o r  both mater ia ls .  Combined temperature and s t r a i n  c ,c l ing caused 
f u r t he r  reductions o f  f a t i s u e  l i f e  as compared t o  isothermal c y c l i n g  a t  the 
maximum temperature associated w i t h  the  thermal cyc le .  For the A-286 a l l o y ,  
the in-phase type o f  c y c l l n g  was more damaging than out-of-phase cyc l i ng .  
For the 304 s ta  ln less  s tee l  a l  l oy  the reverse appeared t o  be t rue;  however, 
the out-of-phase s ta in less  s tee l  r e s u l t s  a re  confounded by the prev ious ly  
noted geometry change, so t h a t  i s  probable t ha t  the TCOPS 304 s ta i n l ess  s tee l  
data do not represent the i n t r i n s i c  c a p a b i l i t y  o f  the mater ia l  t o  wi thstand 
out-of-phase thermal cyc l  ing. A t  the k,:?her s t r a i n  ranges, where the  
geometry change was most pronounced, the 304 TCOPS data were below the TCl PS 
r esu l t s .  However, a t  the lowest s t r a i n  range, where the geometry change was 
smaller, the TCOPS l i f e  was larger  than the TClPS l i f e .  Based on previous 
r e s u l t s  obtained on the tantalum a1 loys (51, i t  I s  considered probable t ha t  
the TCOPS geometric i n s t a b i l i t y  would cease t o  occur, and t ha t  the p o s i t i o n  
o f  the 304 s ta in less  s tee l  TCOPS fa t igue  curve might approach the isothermal 
f a t i gue  curve f o r  t h i s  mater ia l  a t  lower s t r a i n  raqges. 
Microst ructura 1 Observat ions 
Mic ros t ruc tu ra l  damage observed i n  the f a t i g u e  tested specii, . 
varfed w i t h  both cyc le  type and t e s t  mate r ia l ,  as shown i n  Figures 8 inrough 
15. Neither a l l o y  showed evidence of s i g n i f i c a n t  i n t e rna l  damage w i t h  iso-  
thermal h igh frequency cyc l  ing (Figures 8a and 9a). Both a1 loys exh ib i  ted 
mixed modti cracking under these t e s t  cond i t  ions, as shown i n  Figures 8 and 
9b and c. Some tendency f o r  crack ing a t  tw in  boundaries was a l so  observed 
I n  the 304 s ta in less  s tee l  ( ~ i g u r e  8C). Some o f  the secondary cracks observed 
i n  A-286 appeared t o  be associated :v i  t h  carb ide 1 nclus ions ( ~ l g u r e  9d). \ /hi l e  
t h i s  assoc ia t ion was assumed t o  have some in f luence on c y c l i c  l i f e  o f  the 
A-286 a l l o y ,  I t  was no t  thought t o  inf luence the l i f e  differences caused by 
d i f f e r e n t  types of cycles, s ince the carb ide associated ;racking was observed 
i n  A-286 f o r  a1 1 cyc le  types. 
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Secondary crack ing i n  t he  low frequency isothermal spec imens was 
exc lus ive ly  in te rg ranu la r  i n  both mate r ia l s  ( f i gu res  lob  and I l b ) .  The A-286 
a l l o y  exh ib i ted  l i t t l e  i n t e rna l  damage except f o r  t he  occasional appearance 
o f  carb ide associated cracks (F igure 11). The 304 s t a i n l e s s  s t ee l  a l l o y  
exh ib i t ed  loca l i zed  damage a t  g r a i n  and tw in  boundaries. Th is  damage was 
character ized by boundary s e r r a t i o n  and l oca l i zed  in te rg ranu la r  crack ing 
(F igure 10a). 
In-phase thermal c y c l i n g  caused severe i n t e rna l  g r a i n  boundary 
c a v i t a t i o n  i n  both a l l o y s  (Figures 12 and 13). Th is  g r a i n  boundary de- 
cohesion was assumed t o  be the  cause of premature f a t i g u e  f a i l u r e .  Boundary 
c a v i t a t i o n  was a t t r i b u t e d  t o  unreversed t e n s i l e  g r a i n  boundary s l  i d i ng  
generated by i n e l a s t i c  t e n s i l e  s t r a i n  introduced a t  a h i gh  temperature where 
g r a i n  boundary s l i d i n g  occurs, and reversed by i n e l a s t i c  compressive s t r a i n  
a t  a low temperature where g r a i n  boundary s l i d i n g  does no t  occur. Numerous 
carb ide associated cracks were observed i n  the in-phase cyc led  A-286 a l  l o y  
( ~ i g b r e  13d). 
S i g n i f i c a n t  d i f fe rences  were observed between the  types o f  damage 
found i n  the out-of-phase A-286 and 304 s ta i n l ess  s t ee l  specimens. Damage 
i n  the center of the  "bulge" on the 304 s ta i n l ess  s t ee l  specimens consisted 
o f  extensive p i t t i n g  which tended t o  be concentrated near g r a i n  boundaries 
(Figure 14a). This p i t t i n g  was assumed t o  be an e tch ing  e f f e c t  associated 
w i t h  areas o f  extremely h i gh  d i s l o c a t i o n  dens i t y .  I t  f s  postu la ted t h a t  
t h i s  s t r uc tu re  was caused by in t ragranu la r  s t r a i n  adjacent t o  the g r a i n  
boundaries which was requ i red t o  accomodate accumulated compressive gra i n  
boundary s l i d i n g  i n  the h igh  temperature h a l f  cyc le .  The s t r uc tu re  i n  the 
r oo t  o f  the secondary "neck" of the 304 s ta i n l ess  s t ee l  TCOPS specimen 
showed evidence o f  g r a i n  boundary c a v i t a t i o n  (F igure l4b)* .  Unfor tunate ly ,  
because o f  the  i n s t a b i l i t y  problem, the temperature-s t ra in  h i s t o r y  i n  the 
f a i l u r e  area was no t  known, and a spec i f i c  f a i l u r e  mechanism could no t  be 
proposed. 
I n  the lower duct i l i t y  A-286 a l  loy,  where unreversed compressive 
g r a i n  boundary dlspiacements could not  be f u l  l y  accomodated by in t ragranu la r  
deformation, s i g n i f i c a n t  in te rg ranu la r  c a v i t a t i o n  was observed (F igure l 5a ) .  
Because the out-of-phase geometric i n s t a b i l i t y  d i d  no t  occur i n  t h i s  a l l o y ,  
i t  was poss ib le  t o  pos tu la te  c a v i t a t i o n  as the d i r e c t  cause o f  premature 
f a t i g u e  f a i l u r e .  A number o f  carb ide associated cracks were a l s o  observed 
i n  the  out-of-phase cycled A-286 a l  l oy  ( ~ l g u r e  15b). Secondary crack ing was 
basically in te rg ranu la r ,  as shown i n  F lgure 15c. 
* 
This  area a l so  contained a number o f  unusual features having the appearance 
o f  "s t r ingers , "  o r  nonmetal1 i c  inc lus ions  p a r a l l e l  t o  the  t e n s i l e  ax i s .  
These features were no t  i d e n t i f i e d ,  but were not  thought t o  be associated 
w i t h  the f a i l u r e  process. 






I \f SUMMARY 
Elevated temperature u l t r a h i g h  vacuum low cyc le  f a t i gue  and thermal 
fa t igue  tes ts  on 304 s ta i n l ess  s tee l  and A-286 a l l o y  have shown s i g n i f i c a n t  
e f f e c t s  o f  frequency and o f  combined tempera tu re -s t  r a i n  cyc l  i ng on cyc l  i c  
1 i f e ,  A t  temperatures i n  the creep range, f a t i gue  1 ives o f  both mater ia ls  
were lower a t  .0065 Hz than a t  .65 Hz. Metal lographic examination o f  
f rac tu red  specimens ind icated mixed mode ( in te rg ranu la r  aod '~ransgranular)  
f r ac tu re  a t  the higher frequency and exc ius ive ly  in te rg rsnu la r  f r ac tu re  a t  
the lower frequency. In-phase thermal cyc l  ing  ( tens ion a t  h igh temperature 
and compression a t  low temperature) caused large 1 i f e  reduct ions i n  both 
mater ia ls .  These 1 i f e  reduct ions were a t t r i b u t e d  t o  g r a i n  boundary cavi  ta-  
t ion caused by unreversed gra i t ,  boundary s l i d  i ng. Out-of-phase therma 1 
c yc l i ng  ( tension a t  low temperature and compression a t  h igh temperature) 
a lso  caused large c y c l i c  l i f e  reductions i n  both mater ia ls .  Tb.ese reductions 
were a t t r i b u t e d  t o  geometric ins tab i  1 i t i e s  i n  the 304 s ta in less  s tee l  and t o  
g r a i n  boundary c a v i t a t i o n  i n  the A-286 a1 loy. The proposed mechanism f o r  
deve 1 opmen t o f  ou t-of-phase cav i t a t  ion damage i n the A-286 a 1 1 oy i nvo 1 ved 
accumulation o f  unreversed compressive g r a i n  boundary displacements i n  a low 
d u c t i l i t y  mater ia l  where the displacements could no t  be f u l l y  accomodared by 
in t ragranv la r  deformation. 
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SUPPLEMENTARY TESTS 
A l l  supplementary t e s t s  were conducted i n  u l t e a h i g h  vacuum us ing  
hourglass specimens i d e n t i c a l  t o  those used f o r  f a t i g u e  t e s t s .  Tension t e s t s  
were conducted a t  1200°F (922°K) on 304 s t a i n l e s s  s t e e l ,  a t  llOO°F (866°K) on 
A-286, and a t  600°F (589°K) on bo th  a l l o y s  us ing  a crosshead ex tens ion  r a t e  
approximately h a l f  way between t h a t  assoc ia ted w i t h  t h e  h i g h  and low frequency 
isothermal  f;tigue t e s t s .  P r o p e r t i e s  measured were u l t i m a t e  t e n s i l e  s t r e n g t h  
and reduc t i on  o f  area. Creep t e s t s  were conducted a t  constant  load on 304 
s t a i n l e s s  s t e e l  a t  1200°F (922°K) and on A-286 a t  1100°F (866°K). Reduct ion 
o f  area and rup tu re  1 i f e  were measured i n  these t e s t s .  
To eva lua te  t h e  r e l a t i v e  importance o f  creep and c o l d  p l a s t i c  f l o w  
i n  the e levated temperature f a t i g u e  t e s t s ,  supplementary t e s t s  were conducted 
t o  determine the f r a c t i o n  o f  t he  reversed i n e l a s t i c  s t r a i n  range which re-  
presl ~ t e d  the rma l l y  a c t i v a t e d  deformat ion  a t  t he  upper temperature l e v e l  f o r  
eazh o f  K I I ,  two t e s t  m a t e r i a l s .  These t e s t s  i nvo l ved  measurement o f  t he  
i n e l a s t i c  s t r a i n  range r e s u l t i n g  f rom load 1 i m i  t e d  s t r a i n  c o n t r o l  l e d  cyc les  
a t  two d i f f e r e n t  f requencies.  The procedure i nvo lved  repeated low frequency 
(0.0065 HZ)  c y c l i n g  a t  a s p e c i f i e d  d iamet ra l  s t r a i n  ampl i tude t o  develop a 
s t a b i l i z e d  hys te res i s  loop, f o l l o w e d  by h i g h  frequency c y c l i n g  a t  a load range 
equ iva len t  t o  t h a t  observed f o r  the low frequency cyc le .  Based on t h e  assump- 
t i o n  t h a t  the  i n e l a s t i c  s t r a i n  developed i n  h i g h  frequency c y c l i n g  was essen- 
t i a l l y  a l l  p l a s t i c * ,  the  percentage o f  t he rma l l y  a c t i v a t e d  deformat ion  
assoc ia ted w i t h  the low f requency c y c l e  was i n t e r p r e t e d  as t h e  d i f f e r e n c e  
between the  i n e l a s t i c  s t r a i n  ranges s t  t he  two f requenc ies .  
Resul ts  o f  t he  vacuum t e n s i  l e  and s t r e s s  r u p t u r e  t e s t s  a r e  presented 
il, Tables A-1 and A-2. Resu l ts  o f  supplementary f a t i g u e  t e s t s  on 304 s t a i n l e s s  
s t e e l  a re  p r t i e n t e d  i n  Table A-3. The p a r t i t i o n i n g  o f  t he  304 s t a i n l e s s  s t e e l  
i i e l a s t i c  s t r a i n  range i n t o  creep and p l a s t i c  components a t  1200°F (922°K) 
v a r i e d  w i t h  t o t a l  d iamet ra l  s t r a i n  range. Because t h e r e  was no c o n s i s t e n t  
p a t t e r n  t o  these r e s u l t s ,  t he  ecc component f o r  t h i s  m a t e r i a l  has been s p e c i f i e d  
as the  average o f  t he  th ree  r e s u l t s  presented i n  Table A-3, independent o f  t o t a l  
s t r a i n  range. E f f o r t s  t o  p a r t i t i o n  the  A-286 i n e l a s t i c  s t r a i n  range a t  1100°F 
(866°K) were unsuccessful .  A t  equ iva len t  load ranges, t he  t o t a l  i n e l a s t i c  s t r a i n  
was l a r g e r  a t  the h i g h  frequency than a t  the  low frequency. No exp lana t ion  
cou ld  be developed f o r  t h i s  ;?parent nega t i ve  r a t e  s e n s i t i v i t y .  
.I. 
This  assumption was J u s t i f i e d  by comparsion o f  s t r a i n  ra tes  observed i n  the  
h igh  frequency t e s t s  w i t h  e q u i l i b r i u m  minimum creep ra tes  f o r  t he  two a l l o y s  
a t  the  l a r g e s t  s t resses  developed i n  the  c y c l i c  t e s t s .  For bo th  a l l o y s  t h i s  
d i f f e r e n c e  was a t  l r a s t  f o u r  orders  o f  magni tude. 
Table A - l  
Tension Test Results 
Ul t imate 
Tens i l e  Percent 
Test Test Temperature Reduc t i on 
Mate r ia l  " F 
- 
" K 
- - - o f  Area 
Table A-2 
Creep Test Results 
Percent 
Temperature Stress Rupture L i f e  Reduct ion  
Mater ia l  " F O K  Hours o f  Area 
- - 
ks i 
- 
M N / ~ =  
-
Table A-3 
Strain-Range P a r t i t i o n i n g  Results on 304 SS A l l oy  
Tota l  Low Frequency 
Diametral S t r a i n  
Range 
Percent 
E 
cc 
Average 3 5 
Percent 
